A new computing model on the volume dependence of the product αK T of the thermal expansion coefficient α and the isothermal bulk modulus K T is proposed straightforward in this paper. Based on this revised formula, the volume dependence of Grüneisen parameter, entropy, Anderson-Grüneisen parameter, and first pressure derivative of bulk modulus, respectively, are thus investigated. The calculated results agree well with the previous work for magnesium oxide, sodium chloride, lithium, sodium, and potassium.
Introduction
The volume thermal expansion coefficient α and bulk modulus K T are the important thermodynamic quantum charactering the anharmonic properties of solids under high temperature -high pressure. Also α and K T play an indispensable role in the research area of equation of state for solid state [1, 2] and thus have been investigated extensively [2 -5] . Many efforts [6, 7] are made to study the compression dependence of thermal expansion. And also isothermal bulk modulus versus volume can be predicted by isothermal equation of state or the ab-initio calculation [8] . General knowledge says that the αK T reveals the contest relation between interaction and thermal motion of lattice points in solids without phase transition, and based on αK T , the thermal equation of state of solid can be studied easily [9] .
An approximation of pressure-independent αK T is often used, [10, 11] αK T = const ,
according to which the variation of thermal expansion versus pressure was obtained [12, 13] . However, the shortage of constant αK T has been found by Dass in the case of high pressure. Many researchers [11, 14, 15] have pointed out that αK T is not independent of pressure over a large pressure range. Many attempts [16, 17] have revealed the temperature and pressure dependence of αK T for MgO which is an important low mantel material [18] . Also many attempts [19, 20] showed analogous results for MgO according to phenomenological equations about α and K T versus volume.
Anderson [5] got another equation of αK T versus volume by analyzing a thermodynamic identity on variation of αK T versus volume V for isothermal condition T are the isothermal Anderson-Grüneisen parameter and the pressure P derivative of K T , respectively. If δ T − K T is a small number compared to unity, then δ T − K T can be considered volume independent. So Anderson et al. [21] represented an approximate relation between αK T and the volume compression ratio
where V 0 , α 0 , and K T 0 are, respectively, the values of volume, thermal expansion, and isothermal bulk modulus at zero pressure. Equation (3) can be also obtained from α/α 0 = η δ T and [16] . Furthermore, a remarkable minimum of αK T versus volume were observed [16, 17, 19, 20] and so far has not been explained. So a better model for evaluating the volume dependence of αK T is needed to analyze these phenomena mentioned above.
In this paper, a new model on volume dependence of αK T is developed. Based on this revised formula, the volume dependence of Grüneisen parameter, entropy, Anderson-Grüneisen parameter, and first pressure derivative of bulk modulus can been predicted easily for MgO, NaCl, Li, Na, and K.
Theoretical Formulation

αK T Versus Volume at High Temperature
In order to obtain the more precise evaluation of αK T versus volume at high temperature, we start from revising (3) . In view of the facts of (i) existence of positive or negative δ T − K T at different temperatures and (ii) observation of the minimum volume in αK T , an assumption of volume dependence of αK T is accordingly proposed as 
According to (2) and (4), δ T − K T can be expressed as
Equation (5) at η = 1 (i. e., zero pressure) yields an equation on the parameters A and B:
where δ T 0 and K T 0 are, respectively, the values of δ T and K T at zero pressure. The derivative of (5) with respect to η at P = 0 gives
By solving (6) and (7), one can obtain easily the parameter A and B as
To simplify (8) and (9), the knowledge of δ T and K T are needed. Anderson et al. [22] has described δ T as a power law with η,
where κ is a dimensionless and temperature-dependent parameter. We [23] have represented a relation between K T versus η,
where
is also a dimensionless parameter varying with temperature. According to (8) - (11), the specific expression of parameter A and B can be obtained:
So the parameters A and B can be got immediately if the values of
, and κ are known according to (12) and (13).
The Volume Dependence of Grüneisen Parameter γ at High Temperature
The Grüneisen parameter is defined as
Chopelas [15] has pointed out that the effect of pressure on C V at high temperatures (higher than Debye temperature) is very small, which can be verified for MgO by Figure 3 in [17] . Obviously C V is held constant when T ≥ 1000 K (Debye temperature of MgO ∼ 940 K [24] ), so (14) yields
where γ 0 is the Grüneisen parameter at η = 1 for the considered isotherm. Combining (4) with (15), we get
which is a new computing formula on the volume dependence of the Grüneisen parameter.
The Volume Dependence of Entropy
The Maxwell relation gives an equation on entropy S, V , T , P, and αK T as following:
The integration of (17) versus volume for isothermal condition yields
Substituting (4) into (18), we obtain the entropy per gram
where ρ 0 = 1/V 0 is the density at η = 1. Equation (19) could be used to evaluate the volume dependence of the entropy along a certain isotherm.
Results and Discussion
To test the validity of the new model, we applied (4) on MgO, respectively, at 300 K, 500 K, 1000 K, 1500 K, and 2000 K by employing Cynn's data [16] . The values of parameters A and B were obtained by fitting Cynn's data [16] and were listed in Table 1. The calculated values through (4) are shown in Figure 1 along with the results obtained by Anderson et al. [17] and Isaak et al. (Table 3 .1 and Table 4.1 in [5] ) for the sake of comparison. According to Figure 1 , one can find that the calculated values through (4) are in good agreement with the previous results for MgO of many researchers [5, 16, 17] , which justify our new model on the volume dependence of αK T .
The calculated A and B through (12) and (13) for MgO are shown in Table 2 along with the parameters
, and κ taken from [7, 17, 22, 25] . It can be found that the difference between the fitted values (Table 1) and calculated values ( Table 2 ) of A and B is very small, which also reveals that (4) is reliable.
The comparison between the calculated values of δ T − K T through (5) and the previous data for MgO are plotted in Figure 2 . A good agreement is observed, which reveals that (5) seems to be reliable at least for MgO. Equation (4) is the basis of (5), so the validity of (4) is tested again.
Under quasiharmonic approximation at high temperature, the volume dependence of the heat capacity can be omitted and the following equation is obtained [7] according to the Grüneisen relation: where q = (∂ ln γ/∂ ln η) T , called the second Grüneisen parameter. According to the isothermal derivative of (20) with respect to η, (8) and (9) can be rewritten as, respectively, 
The logarithmic derivative of q,
is assumed to be constant by Jeanloz [26] . Equation (23) is equal to q = q 0 η q , which could be used to get (∂ q/∂ η) η=1 by fitting a set of data (η, q). Thus we obtained the values of (∂ q/∂ η) η=1 4.37, 4.29, 3.89, 2.95, and 1.89 at 400 K, 500 K, 1000 K, 1500 K, and 1900 K, respectively, for MgO by using Cynn's data [16] . It is not difficult to found that (∂ q/∂ η) η=1 decreases with the rise of temperature. Under very high temperature, if both δ T 0 − K T 0 and (∂ q/∂ η) η=1 tend to be quite small, and then parameter A → 0.5 and B → 0, according to which (4) suggests that αK T keep nearly constant over a large pressure range. So (1) is only the specific case of high temperature for (4), which indicates that our work is more universal. The Grüneisen parameters calculated through (16) for MgO are shown in Table 3 along with those data compiled by Cynn et al. [16] . In order to test the validity of (16) widely, we have applied it on litium, sodium, and potassium at 298 K, and results obtained through (16) are cited in Table 4 along with experimental data [27] . The fitted parameters A and B are listed in Table 5 . The very small room mean square deviation (RMSD) in Tables 3 -4 reveals a good agreement be- Table 7 . Fitted values of A and B of NaCl through (4). tween (16) and the previous works of Cynn [16] and Boehler [27] , respectively. The entropy calculated through (19) for MgO is consistent with Cynn's data [16] , as shown in Figure 3 . The calculation-required values ρ 0 and α 0 K T 0 are taken from [28] , and listed in Table 6 . So (19) seems to be reliable for predicting the volume dependence of entropy.
As the pressure increases, the thermal expansion coefficient α decreases but the isothermal bulk modulus K T increases accordingly because of solid stiffening, which suggests a possible minimum of αK T . Anderson [17] and Cynn [16] have found that αK T performs a remarkable minimum value η c from 0.6 to 1.0 corresponding to different temperatures for MgO. The value of η c increases with temperature until a certain temperature above the Debye temperature.
According to (4), (12) , and (13), we obtained immediately
Equation (2) gives
wich indicates that the value of η at δ T = K T is exactly η c . So the values of η at δ T = K T versus temperature were taken from [7, 29] to compare with our calculated results of η c through (24) , as shown in Figure 4 . The comparison shows that (24) can predict validly the minimum behaviour of αK T versus η. Parameter A → 0.5 indicates η c → 1 in view of (24), which reveals thus αK T increases as η decrease at quite high temperature. In order to test the validity of this theoretical prediction, we applied (4) on NaCl with Debye temperatures 320 K [30] and almost identical K T 0 and δ T 0 (K T 0 = 5.5, δ T 0 = 5.3) over a larger compression range [14] . The experimental data of αK T are taken from [21] for NaCl at 298 K, 373 K, 473 K, and 573 K. The required parameters of A and B are fitted through (4) and are shown in Table 7 . For the sake of comparison, the calculated results through (4) and experimental data of αK T are plotted in Figure 5 . A good agreement between experimental results and ours are found in Figure 5 , which justify (4) for NaCl. Also Figure 5 shows that η c → 1 in the cases of 473 K and 573 K, which confirms the prediction of this paragraph head.
In summary, we have proposed straightforward a new simple model on the volume dependence of the product αK T of thermal expansion coefficient α and isothermal bulk modulus K T . This new model is useful for evaluating easily and precisely the thermodynamic properties of solids, such as the volume dependence of the Grüneisen parameter, entropy, and the difference between the Anderson-Grüneisen parameter and the first pressure derivative of bulk modulus. Also the minimum behaviour of αK T versus η caused by solid stiffening can be explained according to this new model. In addition, it could be used to study the volume dependence of thermal pressure, which is in investigation.
